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A propagation simulation of wireless communication for urban environments is
aimed. Firstly, propagation path loss from a base station to a receiver point
was calculated according to Walfisch-Ikegami model which is an empirical model
based on the measurement data. Building database around the base station was
used to calculate the path losses. Outdoor regions between buildings were di-
vided into grid points and path losses are calculated as if there is a receiver at
a given grid point. For a given radiated power from the base station, received
power was obtained at each grid point. Visual output of the received power
distribution was plotted. Results were compared with the Walfisch-Ikegami im-
plementation of a commercial software called Winprop. Almost identical power
distribution was observed. Secondly, ray tracing model of Winprop was used for
the same area. Assuming ray tracing model gives more accurate results, situa-
tions for which Walfisch-Ikegami model better approaches to ray tracing model
were found. Coherence bandwidth were obtained by using the impulse response
produced by the ray tracing model.
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O¨ZET
S¸EHI˙R I˙C¸I˙ BO¨LGELERDE TELSI˙Z KOMUNI˙KASYON I˙C¸I˙N
PROPAGASYON SI˙MULASYONU
O¨zgu¨r Yılmaz
Elektrik ve Elektronik Mu¨hendislig˘i Bo¨lu¨mu¨ Yu¨ksek Lisans
Tez Yo¨neticisi: Prof. Dr. Ayhan Altıntas¸
Temmuz 2002
S¸ehir ic¸i bo¨lgelerde propagasyon simulasyonu yapan bir yazılım gelis¸tirilmis¸tir.
Bir baz istasyonundan herhangi bir alıcıya olan yayılım hat kaybı deneysel
o¨lc¸u¨mlere dayalı Walfisch-Ikegami modeline go¨re hesaplanmaktadır. Baz ista-
syonu etrafındaki bina bilgisi hat kayıplarını bulmak ic¸in kullanılmıs¸tır. Ver-
ilen bina haritası u¨zerinde binaların dıs¸ında kalan alanlar es¸it aralıklı nokta-
lara bo¨lu¨nerek bu noktalarda birer alıcı varmıs¸ gibi hat kayıpları hesaplanmıs¸tır.
Baz istasyonunun gu¨cu¨ kullanılarak her noktadaki alınan gu¨c¸ deg˘eri bulunmus¸
ve s¸ehir haritası u¨zerinde go¨rsel bir c¸ıktı elde edilmis¸tir. Elde edilen sonuc¸lar,
Winprop yazılımının Walfisch-Ikegami ve ıs¸ın izleme modelleri kullanılarak bu-
lunan sonuc¸ları ile kars¸ılas¸tırılmıs¸tır. Is¸ın izleme modelinin daha dog˘ru sonuc¸lar
verdig˘i o¨ngo¨ru¨lerek Walfisch-Ikegami modelinin hangi durumlarda ıs¸ın izleme
modelinin sonuc¸larına daha c¸ok yaklas¸tıg˘ı bulunmus¸tur. Is¸ın izleme modelinin
sonucunda bulunan du¨rtu¨ yanıtı (impulse response) kullanılarak radyo kanalının
band genis¸lig˘i hesaplanmıs¸tır.
Anahtar kelimeler: propagasyon simulasyonu, hat kaybı, Walfisch-Ikegami mod-
eli, ıs¸ın izleme modeli, band genis¸lig˘i, telsiz sistemler.
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To my family . . .
Chapter 1
INTRODUCTION
Radiowave propagation has become an important area of study since Marconi
discovered communication via electromagnetic waves. Radio spectrum has been
divided into different bands for different communication facilities. For example
LF+MF band is between 30 KHz and 3000 KHz. The radio propagation mecha-
nisms of this band are in the form of ground wave and sky wave. 3-30 MHz band
is called HF band and propagation is mainly in the form of sky wave. Communi-
cation between continents is possible due to the reflections from the ionosphere.
VHF+UHF band is the most congested band since TV and FM broadcasting are
in this band.
Communication from a transmitter to a receiver depends on the strength of
the signal at the receiver antenna. Studying radio wave propagation yields infor-
mation about signal power or field strength at the receiver, suitable frequencies
for optimum transmission, absorption mechanisms in the media etc. Moreover if
we take one step ahead by simulating the propagation from a number of trans-
mitters we can do frequency planning among these transmitters.
Frequency Spectrum is a limited natural resource. With the development
of new wireless communication technologies, frequency spectrum has become
1
more scarce. The most important concept in a frequency plan is the frequency
reuse. Basically it means using the same frequency in different areas as long as
these usages do not interfere with each other. To make such planning, simulation
studies of transmitters should be known. According to the simulation results one
can decide the distance from a transmitter where the signal strength decreases
to a level that does not interfere the other transmitters on the same frequency.
Cellular networks in a band at 900 MHz is a recent technology that gives
the opportunity to communicate among mobile users. Most of the cellular traffic
is in urban areas. Planning and propagation simulation are important concepts
for an efficient cellular network design. Reflection and diffraction from buildings
are basic mechanisms of propagation in urban areas. In this thesis we tried to
make propagation simulation in a given urban environment. We used two dif-
ferent propagation simulation models. One of them is Walfisch-Ikegami model
[1][2]. It is based on measurement data and represented by the loss formulas.
These formulas are dependent on the environment parameters such as road and
building widths. The other one is ray tracing model. Ray tracing model assumes
the wavelength of the transmission is small enough with respect to size of the
objects in the environment so that propagation occurs along rays. These rays
are reflected or diffracted if they interact with an obstruction in the environ-
ment. This model tries to find all propagation paths from the transmitter to the
receiver. Walfisch-Ikegami model implicitly includes these propagation mecha-
nisms. Ray-tracing is more complex model than Walfisch-Ikegami. It requires
much more computation time but gives more information about the radio chan-
nel. We used a commercial software named Winprop to make simulations [3].
We also implemented Walfisch-Ikegami model.
Results of simulations can be used basically to find coverage area of a trans-
mitter in an urban environment. Interference analysis between transmitters can
also be done by calculating S/I ratio where S is the wanted signal level, I is
2
the interfering signal level. We tried to cover a given area with the minimum
number of transmitters as an application example. Using ray tracing model more
information about the radio channel can be obtained. We also used ray tracing





In this chapter the background information will be given about propagation
simulation and cellular concept. In Section 2.1 the basics of a propagation sim-
ulation will be described. In the later section cellular concept and propagation
mechanisms in cellular networks are main subjects.
2.1 Propagation Simulation
Propagation simulation basically means to calculate the field strength value from
a transmitter at a given distance as if there is a receiver. Propagation Path Loss
is the loss rate when electromagnetic wave propagates from a transmitter to a
receiver. For instance the ratio of the received power to the transmitted power
may be 1/100. Which means that the power of signal decreased to 1/100 of its
original value at the transmitter. Field strength and received power values can
easily be calculated from path loss by using the antenna parameters. Usually
4
path loss is expressed in dB. The dB value of any variable X is given by
X(dB) = 10 logX
2.1.1 Free Space Path Loss









Gt : Gain of the transmitter antenna
Gr : Gain of the receiver antenna
λ : Wavelength of the transmission (m)
d : Distance between the transmitter and the receiver (m)
In dB scale it is equal to
L = 20 log 4pi + 20 log d− 10 logGt − 10 logGr − 20 log λ (2.2)
In Figure 2.1 parameters for free space transmission are shown. Free space prop-
agation assumes no other scattering or reflecting object between the transmitter
and the receiver. Power flux density at a distance d for the free space propagation







PtGt multiplication is called EIRP, equivalent isotropically radiated power. It








Figure 2.1: Free Space Propagation between antennas
But since isotropic antenna is not realistic, sometimes the power is given in terms
of ERPd, the power radiated with respect to the half wave dipole. Pt/4pid
2 gives
isotropic power flux density. If Pt is multiplied with numerical gain with respect
to the isotropic antenna EIRP value is found, or if it is multiplied with numerical
gain with respect to the half wave dipole ERPd value is found. So gain value of
an antenna can be given in terms of dBi which is dB gain of antenna with respect
to the isotropic antenna, or dBd which is dB gain of antenna with respect to the
half wave dipole. We can write EIRP = ERPd+ 2.15 (dBW ) since dipole has
2.15 dBi gain. The basic free space loss assumes unity gain for both transmitting
and receiving antennas and can be written as:
Lbf = 32.45 + 20 log d+ 20 log f (dB) (2.4)
where
d : Distance between transmitter and receiver (km)
f : Frequency of transmission (MHz)
6
Free space path loss formula, 2.4, is another version of 2.1. It is just scaled
for the distance and the frequency.
If there are other loss mechanisms exist in the environment they should be
added to the basic free space loss. The general loss term can be written as:
L = Lbf + Lxpl (dB) (2.5)
Lxpl : Excess path loss (dB)
And for unity gain receiver antenna, received power is
Pr = EIRP − L (dBW ) (2.6)
or to include Gr
Pr = EIRP +Gr − L (dBW ) (2.7)
2.1.2 Excess Path Loss
If the transmitter sees directly the receiver without intersecting any obstruction
then the situation is called line-of-sight. Actually free space formulas are not
valid for all line-of-sight cases. Even though transmitting and receiving antennas
can see each other directly without intersecting any obstacle, still there might
be obstacles in the vicinity of direct path. These obstacles may cause additional
losses. To validate free space formulas, the receiving antenna should be in the
line-of-sight region of the transmitting antenna, and also obstacles should be far
enough from the direct path. During propagation there are different mechanisms
creating additional losses for different frequency bands. In the VHF+UHF band
in addition to the free space loss there are diffraction losses. Diffraction accounts
the losses due to irregularities of the terrain. It is generally assumed that for large
scale path loss, the terrain profile between the transmitter and the receiver is the
determining parameter. This means that the waves are assumed propagating only
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in the plane containing transmitter, receiver and terrain profile. This assumption
is a 2-D approximation for the path loss computation. An illustration is shown
in Figure 2.2.
Figure 2.2: 2-D propagation path for large area coverage
For satellite communications atmospheric losses becomes more important.
The propagation path from the earth station to the satellite is effected by the
existence of rain drops, vapor and other atmospheric gases. HF communications
depends on ionization level of the ionosphere. Examples can be given for other
communication bands. But for all systems that antennas directly see each other,
and far enough from obstacles in the environment, free space formulas are valid.
In cellular networks coverage radius is approximately 100m-5km. The main
reason for additional losses are existence of buildings. Reflection and diffraction
from walls contributes additional loss terms.
2.1.3 Large Scale and Small Scale Fading
Field strength values that are calculated from loss formulas are not determin-
istic. If the signal level from a transmitter is measured at a given distance it
is seen that signal level may change with time. Hence the measured values of
the field strength has a statistical nature. Measurement campaigns for one point
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is actually made at different times and different locations around the point of
measurement. While speaking field strength value at a fixed distance from the
transmitter one should say time and location percentage of the measured values.
Traditional propagation prediction calculations focus on the mean value. For
instance if path loss between Tx-Rx pair is given 100 dB, it means path loss is
100 dB for %50 of the time and %50 of the locations.
Propagation models that predict the mean signal strength for an arbitrary
transmitter-receiver separation distance are useful in estimating the radio cov-
erage area of a transmitter and are called large-scale propagation models, since
they characterize signal strength over large Tx-Rx separation distances. On the
other hand propagation models that characterize the rapid fluctuations of the
received signal strength over very short travel distances (a few wavelengths) or
short time durations are called small-scale or fading models [4].
In Figure 2.3 large scale and small scale fading are seen together. As it can
be seen from the figure large scale fading is smoother hence the calculations are
simpler. Small scale fading is extremely random and it is accepted as it obeys
Rayleigh distribution if there is no direct path to the receiver.
For large scale path loss it is generally assumed that the distribution of the
signal level is log-normal. In other words, if dB values are used then the measured
signal strength is normally distributed around a mean level. An example is shown
in Figure 2.4.
The probability that the field strength is greater than a value E0 is the shaded
region in Figure 2.4. Probability density function gives the probability that the
field strength is less than given E0. Non-shaded region corresponds this proba-
bility. Therefore the integration of the shaded region is P (E > E0). When it is
said that field strength value for %1 time percentage is E0, it is implied that field
strength is greater than E0 for %1 of the time. Coverage areas are determined
9
Figure 2.3: Large Scale and Small Scale Fading







Figure 2.5: Field Strength versus distance
from the given minimum field strength limit. For instance 58dBµV/m is limit
for television coverage in VHF band. But this value might be required for %90
of the time for coverage. Hence to satisfy the requirement, mean field strength
value greater than 58dBµV/m should be searched as limit.
For instance let mean E(field strength)-d(distance) curve given as in Figure
2.5. If one searches for coverage value E2 for %90 of the time, he or she should
look for a greater value like E1 in this mean value curve. This can be understood
from PDF. Field strength value for %90 of the time is smaller than field strength
value for %50 of time. Therefore at distance d2 field strength value for %90 of
the time will be smaller than limit E2. In Figure 2.6 and Figure 2.7 it can be
seen differences of coverage areas between different time values. The simulations
were done using Bilspect software developed at ISYAM [6][7].
58dBµV/m coverage area is greater for %1 of time. This is reasonable since
the area in which field strength reaches 58dBµV/m even for %1 of the time,
should be greater than the area in which field strength reaches 58dBµV/m for
%50 of the time.
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Figure 2.6: 58dBµV/m coverage for %50 time values of TV broadcasting using
Bilspect
Figure 2.7: 58dBµV/m coverage for %1 time values of TV broadcasting using
Bilspect
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2.2 Cellular Concept and Propagation Simula-
tion
For large area coverage, propagation simulations are based on heuristic models.
Free Space curve or ITU, International Telecommunication Union, curves are
commonly used [6]. ITU curves were drawn according to measurements. For
obstructed paths more accurate results can be obtained by including diffraction
losses.
Figure 2.8: ITU curves
These curves are drawn for %50 time and %50 location percentages and 1kW
EIRP value. Curves show different decay for different transmitter heights as in
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Figure 2.8. Desired time and location percentage values can be found by adding
correction terms.
In cellular networks there are basically two different approaches. One of them
is similar to large area coverages. According to measurements made in urban
areas, models were constructed with statistical methods. These kind of studies
are named Empirical Methods. Two of the most known studies are Okumura-
Hata and Walfisch-Ikegami. These methods have also correction and calibration
terms in order to use them for other cities. We implemented Walfisch-Ikegami
model and in chapter 3 implementation of this model is discussed.
Ray-Tracing method is more site-specific. It tries to find all paths from
transmitter to receiver. In urban environments buildings are main components
of propagation. Diffraction and reflection from walls of buildings are main mecha-
nisms of propagation. Ray tracing assumes size of the buildings are much greater
than the wavelength of transmission. This is reasonable since at 900MHz wave-
length is approximately 30cm. Ray tracing gives more accurate results and also
more information about the radio channel. But its computation time is much
greater than empirical methods. If the accuracy and multipath phenomena are
important for user, ray tracing method should be preferred. But if the user wants





In this chapter implementation of Walfisch-Ikegami model will be discussed.
Making various simulations using ray tracing and Walfisch-Ikegami models, com-
parison results are given. Examples of real environment studies are at the end
of the chapter.
In order to make simulation of a base station in an urban area the building
data are needed. Propagation mechanisms, diffraction and reflection, are caused
by buildings. The Walfisch-Ikegami model, most known and common model
among empirical models was implemented for received power prediction. This
model is an statistical model based on measurements. According to the measured
values the mean value of the loss formulas were derived. After finding the loss, 2.7
can be used for given transmitter and receiver antennas in order to find received
signal power. The extended Walfisch-Ikegami formulas, also called COST-231
are given below [5].
For line-of-sight case:
Lp = 42.6 + 26 log d+ 20 log f (dB) (3.1)
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where
d : Distance between the transmitter and the receiver (km)
f : Frequency of transmission (MHz)
which is different from the free space loss. First constant term is determined by




L0 + Lrts + Lmsd ; if Lrts + Lmsd > 0
L0 ; if Lrts + Lmsd ≤ 0
(dB) (3.2)
The Free Space Loss is given by:
L0 = 32.45 + 20 log f + 20 log d (dB) (3.3)
The term Lrts describes the coupling of the wave propagation along the mul-
tiple screen path into the street where mobile receiver is located. The determi-
nation of Lrts is mainly based on the Ikegami’s model. It takes into account the
width of the street and its orientation. However COST-231 has applied another
street orientation function than Ikegami [5]. rts in the subscript means roof top
to street.
Lrts = −16.9− 10 logw + 10 log f + 20 log(hroof − hrx) + Lori (dB) (3.4)
where
w : average street width (m)
hroof : average roof height (m)




−10 + 0.354φ 0 ≤ φ < 35
2.5 + 0.075(φ− 35) 35 ≤ φ < 55
4.0− 0.114(φ− 55) 55 ≤ φ < 90
(dB) (3.5)
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φ : average orientation angle with respect to the road (degree)
Orientation loss with respect to road orientation angle can be seen from figure
3.1. For small angles Lori values are less than zero meaning it is not loss, it is
gain. Greatest loss occurs between 50 and 60 degrees. For 90 degrees Lori
becomes nearly zero.



















Figure 3.1: Orientation Loss
Lmsd is the loss due to multi-screen diffraction and it is actually an integral,
which is published by Walfisch and Bertoni, and based on the approximate so-
lution for the base stations above the roof-top level [1]. COST-231 extended
the formula empirically for base stations below roof-top level according to the
measurement values [5].
Lmsd = Lbsh + ka + kd log d+ kf log f − 9 log b (dB) (3.6)
where




−18 log(1 + (htx − hroof )) htx > hroof
0 htx < hroof
(dB) (3.7)





54 htx > hroof
54− 0.8(htx − hroof ) d ≥ 0.5 km and htx ≤ hroof
54− 0.8(htx − hroof )( d
0.5





18 htx > hroof















− 1) for metropolitan centers
(3.10)
The term ka represents the increase of the path loss for base station antennas
below the rooftops of the adjacent buildings. The terms kd and kf control the
dependence of the multi-screen diffraction loss versus the distance and the radio
frequency, respectively. The Walfisch-Ikegami model is valid in following ranges
[5]:
f : 800− 2000 (MHz)
htx : 4− 50 (m)
hrx : 1− 3 (m)
d : 20− 5000 (m)
Basic parameters can be seen in Figure 3.2.
The model has been accepted by ITU (International Telecommunication Union).
The prediction of path loss agrees rather well measurements made for base sta-
tion antenna height greater than the average roof top level. The mean error is








Figure 3.2: Basic Parameters for Walfisch-Ikegami
base station antenna height becomes closer or less than the average roof top level,
the results are poor. Since base station antenna should be greater than average
roof top level for more accurate results, and parameters like φ, w and b are not
useful parameters for microcells, model is more valid for macrocells [5]. Also
since we do not consider multipath propagation and guiding effects in streets,
impulse response and arrival angle cannot be observed. For received power value,
model gives accurate results where propagation occurs mainly roof top to street.
3.1 Implementation
For implementation of Walfisch-Ikegami model the most important data are
building data which describe the environment. We used DXF type files as input
to the our program to read the required properties of the buildings. DXF file has
an ASCII data structure which makes it easily readable. DXF file type is actually
for AutoCAD software and it keeps the data in a complicated way. But deriving
building data from that is not difficult. In terms of computer programming we
assumed buildings as polygons with heights. An example is shown in Figure 3.3.
Coordinates of the corners of each polygon are saved. Polygon structure keeps
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the number of corners(also equals to the number of edges), polygon height and
the coordinates of the corners. Assuming buildings as polygons we neglect the
irregularities on the walls, and hroof can be taken as the height from the ground
for a building. For empirical models smooth walls do not decrease the accuracy
since walls do not play a critical role. But for ray-tracing method this assumption













Figure 3.3: Buildings as polygons
To calculate radio coverage for a given transmitter, that is the base station,
whole region is divided into grid points. Each grid point is treated as a receiver
as shown in Figure 3.4. Most propagation simulators use this approach to find a
coverage area in a given region. If the grid size gets smaller, accuracy increases.
Small grid size gives high resolution output. Trade-off is the computation time,
naturally greater number of grid points increases the computation time.
For Walfisch-Ikegami model, parameters in the vertical plane containing
transmitter, receiver and vertical cross sections of the buildings between trans-
mitter and receiver, are important. Meaning it is 2-D propagation simulation
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grid points as receivers
Figure 3.4: Grid points as receivers with buildings
like large area coverage models. For this reason the model gives more accurate
results for base station heights greater than the average roof top level. Prop-
agation path and parameters can be seen from Figure 3.5. We accepted each
interval between any two buildings as road. For separation between buildings we
calculated the distance between middle points of the line segments that remain
in the buildings. Each parameter except d, is taken into formulas as averages.
The angle between road and path, φ, is calculated from intersections between
the walls and the path for each wall.
DXF file is firstly converted into a TXT file in order to be read easily. In this




10 10 40 10 40 40 10 40
4 10








Figure 3.5: Propagation path and parameters
4 10
70 70 100 70 100 100 70 100
4 10
10 70 40 70 40 100 10 100
First integer shows how many buildings exist in the environment. After this
header, every two lines indicate one building. 4 10 implies that building has
four corners and height is 10m. Second line of building shows the coordinates
of the corners. Since building has four corners there should be eight elements in
this line. Each corner is represented by two elements corresponding to x and y
coordinates. 10 70 40 70 40 100 10 100 indicates 4 corners and the coordinates
of the first corner is (10, 70), second is (40, 70) etc. This file contains the data
of four buildings in the shape of squares with the edge of 30m and roads whose
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widths are also 30m. After reading this file, for a given transmitter-receiver pair,
propagation path and other parameters are derived. Since this file contains just
four buildings actually the study does not take too much time.
Figure 3.6: Nine block study with Walfisch-Ikegami model using Winprop.
(transmitter height is 15m)
In Figure 3.6 a propagation simulation of nine block environment can be seen.
We used Winprop simulation tool to make studies. There are nine buildings in
the shape of squares having 30m edge and 10m height. Transmitter is at (70, 100)
and has 15m height. Frequency is 948 MHz and transmitter has 10W isotropic
power. Receivers are at height of 1.5m and placed with 1m resolution. Figure
3.6 shows Walfisch-Ikegami results, Figure 3.7 shows ray-tracing results with one
reflection-one diffraction, Figure 3.8 shows ray-tracing results with two reflections
and one diffraction.
In order to observe changes in the output picture, transmitter height is in-
creased to 20m. The results are shown in Figures 3.9 through 3.11. To compare
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Figure 3.7: Nine block study with ray-tracing model (1 reflection 1 diffraction)
using Winprop. (transmitter height is 15m)
Figure 3.8: Nine block study with ray-tracing model (2 reflection 1 diffraction)
using Winprop. (transmitter height is 15m)
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ray tracing ray tracing
txh (m) (1 reflection and 1 diffraction) (2 reflection and 1 diffraction)
15 4.21577 3.83064
20 5.04224 4.86713
Table 3.1: Mean Error table for comparison of Walfisch-Ikegami model with
ray-tracing model.
the results of Walfisch-Ikegami model to the results of ray-tracing model for dif-
ferent heights, we can look at the Table 3.1. In this table Mean Errors are given







where R1 is the result of compared simulation and R2 is the result of reference
simulation. Both results should be in dB scale.
Figure 3.9: Nine block study with Walfisch-Ikegami model using Winprop.
(transmitter height is 20m)
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Figure 3.10: Nine block study with ray tracing model (1 reflection 1 diffraction)
using Winprop. (transmitter height is 20m)
Figure 3.11: Nine block study with ray tracing model (2 reflection 1 diffraction)
using Winprop. (transmitter height is 20m)
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3.1.1 Calculation by Hand
At this point before making various comparisons, we tried to make confirmation
of our Walfisch-Ikegami implementation. We calculated the received power value
by hand for two different points. Then we compared these values with the results






Figure 3.12: Two calculation points
Transmitter is at the point (35,220) and has 10W isotropic power. Frequency
of transmission is 948MHz. For case1 receiver point is at (115,220). Intersection
points are (40,220),(70,220),(80,220) and (110,220). d = 0.08km w = 20/3m and
b = 40m. b was calculated as the distance between middle points of the line
segments that remain in the buildings that is 95− 55. φ is 90 degrees since the
direct path intersects with each wall perpendicularly. Transmitter height is 15m,
receiver height is 1.5m and average roof height is 10m. Hence
L0 = 32.45 + 20 log 948 + 20 log 0.08 = 70.048
Lrts = −16.9− 10 log 20
3
+ 10 log 948 + 20 log 8.5 + 0.01 = 23.227
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Lmsd = −14.006 + 54 + 18 log 0.08− 3.962 log 948− 9 log 40 = −5.966
L = L0 + Lrts + Lmsd = 70.048 + 23.227− 5.966 = 87.309
Pr = 40− 87.301 = −47.309
while program finds the received power as -47.3095 dBm. For case2 all transmit-
ter and building properties are same. For this case receiver is at (115,140). The
direct path from transmitter to receiver has slope of 135 degrees. Intersection
points are (40,215), (55,200), (80,175) and (105,150). The distances from inter-
section points to the transmitter are respectively 5
√





2 = 63.64, 70
√
2 = 98.99. And the distance between transmitter and the
receiver is 80
√
2 = 113.137. Hence
w =





(92.5− 47.5)2 + (207.5− 162.5)2 = 45
√
2 = 63.64
since (47.5,207.5) is the middle point of the upper building for this path and
(92.5,162.5) is the middle point of the lower building.
L0 = 32.45 + 20 log 948 + 20 log 0.113 = 73.059
Lrts = −16.9− 10 log 18.86 + 10 log 948 + 20 log 8.5 + 3.25 = 21.952
Lmsd = −14.006 + 54 + 18 log 0.113− 3.962 log 948− 9 log 63.64 = −5.071
L = L0 + Lrts + Lmsd = 73.059 + 21.952− 5.071 = 89.94
Pr = 40− 89.94 = −49.94
while program finds the received power as -49.9386 dBm.
3.2 Comparisons
In order to make comparisons more decisive, we tried to make simulations in
a larger area than nine-block region both using Winprop and our simulation
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code. We used both ray-tracing and Walfisch-Ikegami models of Winprop. Our
simulation code uses Walfisch-Ikegami model since we implemented only it. We
tried to determine the effects of transmitter height, building density and the
road width parameters on the simulations. Mean errors of Walfisch-Ikegami
model were found with respect to the ray-tracing model for different situations.
For all tables reference model is Walfisch-Ikegami model. For simulations using
ray tracing model maximum propagation mechanisms were given in all tables.
3.2.1 Transmitter Height
In this part we simulated a given urban area for different transmitter heights. The
hypothetical area is composed of identical buildings in the shape of square whose
edge length is 30m and height is 10m. 4x6 buildings exist in the environment
and the roads between buildings have width of 20m and 10m. This kind of city
regions are called Manhattan Grid. Transmitter power is 10W and transmitter
antenna radiates the power isotropically. The frequency of transmission is 948
MHz. Resolution is 1m and the receiver height is 1.5m. All antennas in Section
3.2 have the same properties and all simulations use the same receiver height,
building height and resolution, unless otherwise stated. For transmitter height
7m results are in Figures 3.13 through 3.16.
Mean error results are in Table 3.2 for different transmitter heights. Best
results are for 7m transmitter height. Actually for transmitter heights near the
average roof height, results are more accurate. From this table it can be said that
results of Walfisch-Ikegami model are best fit with results of ray tracing model
for transmitter heights around average roof height, but not at the exact roof
height. Also we can see that the mean error of Walfisch-Ikegami model with 2
reflection-1 diffraction ray-tracing results does not much differ from mean error
with four interaction ray-tracing results.(four interaction means 3 reflection-1
diffraction or 2 reflection-2 diffraction or 4 reflection etc.)
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Figure 3.13: 24 block study with ray tracing model (1 reflection, 1 diffraction)
using Winprop. (transmitter height is 7m)
Figure 3.14: 24 block study with ray tracing model (2 reflection, 1 diffraction)
using Winprop. (transmitter height is 7m)
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Figure 3.15: 24 block study with Walfisch-Ikegami model using Winprop. (trans-
mitter height is 7m)
Figure 3.16: 24 block study with Walfisch-Ikegami model using our implementa-
tion. (transmitter height is 7m)
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ray tracing ray tracing ray tracing
txh (m) 1 reflection 1 diffraction 2 reflection 1 diffraction four interactions
5 4.08900 3.97012 3.96642
7 3.75668 3.72278 3.71899
10 3.70899 4.18823 4.18950
15 4.04044 3.96994 3.96939
20 5.14629 4.79252 4.79070
30 6.50090 6.23221 6.23052
Table 3.2: 24 block study mean error table for comparison of Walfisch-Ikegami
model with ray-tracing model using Winprop.
Walfisch-Ikegami ray tracing ray tracing
txh (m) Winprop 1 reflection 1 diffraction 2 reflection 1 diffraction
5 2.24058 4.36137 4.38747
7 2.56190 4.44267 4.71351
10 3.06341 6.10294 6.89956
15 3.04970 4.03856 4.44791
20 3.04506 4.35259 4.31082
30 3.03373 5.23133 5.07065
Table 3.3: 24 block study mean error table for comparison of Walfisch-Ikegami
and ray-tracing models of Winprop with our implementation.
In Table 3.3 the results of our Walfisch-Ikegami model implemantation are
compared with the results of Winprop. Since ray tracing with 2 reflection-1
diffraction is very similar with ray tracing with four interactions, four interaction
studies are omitted for Table 3.3. Instead we compared the results of our code
with the results of Winprop’s Walfisch-Ikegami model. 2-3 dB mean error exist
between our implementation and Winprop’s Walfisch-Ikegami implementation.
We can easily say that difference is maximum at the exact average roof height.
For the effects of transmitter height in larger areas we simulated another hypo-
thetical area containing 35 blocks. We did not study for 1 reflection-1 diffraction
ray-tracing for smaller transmitter heights since there might be uncomputed grid
points due to less interaction number. From Table 3.4 we can safely say that
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for larger areas higher transmitter heights give more accurate results. Best re-
sults occurred for transmitter height 20m although it is double of the average
roof height. It is reasonable since at longer distances diffraction from roof top
to street becomes more effective. Comparison of the same area for our code
is given in Table 3.5. Simulation results of Walfisch-Ikegami model using our
implementation are in Figures 3.17 and 3.18.
ray tracing ray tracing ray tracing
txh (m) 1 reflection 1 diffraction 2 reflection 1 diffraction four interactions
5 - 8.60246 8.58842
10 - 8.25128 8.24637
15 3.66461 4.02003 4.01993
20 4.30397 3.95563 3.95485
25 5.51352 4.73396 4.73396
30 5.95796 5.28015 5.27892
Table 3.4: 35 block study mean error table for comparison of Walfisch-Ikegami
model using Winprop
ray tracing ray tracing ray tracing
txh (m) 1 reflection 1 diffraction 2 reflection 1 diffraction four interactions
5 - 8.79364 8.79972
10 - 9.92030 9.91645
15 4.75794 5.78355 5.78362
20 4.32329 4.63878 4.63843
25 4.72280 4.47217 4.47217
30 4.84979 4.54744 4.54659
Table 3.5: 35 block study mean error table for comparison of Walfisch-Ikegami
model using our implementation.
In Table 3.6 the results of our Walfisch-Ikegami implementation and Win-
prop’s Walfisch-Ikegami implementation are compared. Mean errors do not much
differ from each other for different transmitter heights.
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Figure 3.17: 35 block study of Walfisch-Ikegami model using our implementation.
(transmitter height is 5m)
Figure 3.18: 35 block study of Walfisch-Ikegami model using our implementation.
(transmitter height is 15m)
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txh (m) 5 10 15 20 25 30
mean error 2.07727 3.01885 3.01236 3.01013 3.00275 3.00346
Table 3.6: Comparison of our implementation with Winprop for Walfisch-Ikegami
model.
3.2.2 Path Comparisons
For 35 block study we tried to make comparisons of different models on the given
path. The path can be seen from Figure 3.19.
Figure 3.19: Path for comparisons
Transmitter height is 15m, average roof height is 10m. Path lays along a
constant y axis value which is 100. First of all we compared our implementation
of Walfisch-Ikegami model with winprop’s Walfisch-Ikegami model. In Figure
3.20 plots of the results can be seen. Normally we calculate φ as average. First
picture in Figure 3.20 shows a nearly constant difference between two graphs
for average φ. If φ is taken constant, that is 90 degrees, then results of our
implementation becomes much more similar with results of Winprop. In second
picture of Figure 3.20 this situation can be observed. For φ = 90 mean error
between results becomes 0.58 dB.
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our WIM fix phi=90
our WIM average phi
Figure 3.20: Walfisch-Ikegami model comparison
Then we compared our Walfisch-Ikegami implementation with ray tracing
model on the same graph. We also made this comparison for transmitter height
5m. Figure 3.21 shows the ray tracing and Walfisch-Ikegami model results on
the same graph for both transmitter height 15m and 5m.

























ray tracing 2ref. 1diff.
our WIM average phi
txh=15m





















ray tracing 2ref. 1diff.
our WIM average phi
txh=5m
Figure 3.21: Three results on the same graph for y=100
If we shift the path -5m on the y axis Figure 3.22 occurs. Results of ray
tracing, Walfisch-Ikegami model of Winprop and our Walfisch-Ikegami imple-
mentation can be seen together in Figure 3.23.
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Figure 3.22: Path for y=95
txh=15m txh=5m





















ray tracing 2ref. 1diff.
our WIM average phi





















ray tracing 2ref. 1diff.
our WIM average phi
Figure 3.23: Three results on the same graph for y=95
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Figure 3.24: Path for y=105
txh=15m txh=5m




















ray tracing 2ref. 1diff.
our WIM average phi





















ray tracing 2ref. 1diff.
our WIM average phi
Figure 3.25: Three results on the same graph for y=105
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Figure 3.26: Path for line-of-sight case
txh=15m txh=5m




















ray tracing 2ref. 1diff.
our WIM average phi




















ray tracing 2ref. 1diff.
our WIM average phi
Figure 3.27: Three results on the same graph for line-of-sight case
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If we shift the path 5m on the y axis results can be seen in Figure 3.24 and
Figure 3.25. Also line-of-sight case results can be seen in Figure 3.26 and Figure
3.27. Change of transmitter height does not effect the results for line-of-sight
cases.
3.2.3 Building Density
In this part we tried to find the effect of building density on the simulations. For
three different studies we used square buildings with three different edge widths
10, 20 and 30m. Total area is 230m x 230m. Horizontal and vertical road widths
are both 10m. Therefore there will be 144, 64 and 36 blocks in the same area
for three different situations. Simulation results are in the Figures 3.28 and 3.29.
We compared the results of Walfisch-Ikegami model for each situation with 2
reflection - 1 diffraction ray tracing simulation. Comparisons are in the Tables
3.7 through 3.9. Each table contains comparison results for different transmitter
height.
edge ray tracing




Table 3.7: Mean error table for different edge widths using Winprop for Walfisch-
Ikegami model. (transmitter height is 5m)
edge ray tracing




Table 3.8: Mean error table for different edge widths using Winprop for Walfisch-
Ikegami model. (transmitter height is 10m)
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Figure 3.28: 144 block study of Walfisch-Ikegami model using Winprop. (trans-
mitter height is 15m, total area is 230 x 230 m2)
Figure 3.29: 64 block study of Walfisch-Ikegami model using Winprop. (trans-
mitter height is 15m , total area is 230 x 230 m2)
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edge ray tracing




Table 3.9: Mean error table for different edge widths using Winprop for Walfisch-
Ikegami model. (transmitter height is 15m)
In these tables the smaller edge width means the denser area. For transmitter
heights greater than the average roof height that is 10m, to say something about
general behaviour of mean errors with respect to the density is difficult. In Table
3.9 mean error values can be seen. Just for the most denser area, there is 1
dB difference with the others. But for transmitter height less than or equal to
the average roof height, behaviour can be seen easily. Denser areas give more
accurate results. Also Table 3.9 contains more accurate results than the other
tables. This is expected since we know that the higher transmitter heights yields
more accurate results.
3.2.4 Road Width
As the final parameter, we changed the horizontal road width and made simula-
tion studies. 10m horizontal road width with 35 blocks corresponds to the figure
3.18. Then we increased the road width to 20m and 30m. For 10m and 30m road
width, results of Walfisch-Ikegami model are in the Figures 3.30 and 3.31.
Tables 3.10 through 3.15 contain mean errors for three different road widths.
Table 3.10 and table 3.11 contain comparisons of simulation results for different
road widths for transmitter height 20m. For transmitter heights 20m and 25m
it is difficult to say something about general behaviour for our implementation.
But for Winprop results, greater road widths tend to yield more accurate results
even if the difference in mean errors very little.
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Figure 3.30: 35 block study of Walfisch-Ikegami model using Winprop. (trans-
mitter height is 20m, road width is 10m)
Figure 3.31: 35 block study of Walfisch-Ikegami model using Winprop. (trans-
mitter height is 20m, road width is 30m)
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road ray tracing ray tracing




Table 3.10: Mean error table for different horizontal road widths using Winprop
for Walfisch-Ikegami model. (transmitter height is 20m)
road ray tracing ray tracing




Table 3.11: Mean error table for different horizontal road widths using our im-
plementation for Walfisch-Ikegami model. (transmitter height is 20m)
road ray tracing ray tracing




Table 3.12: Mean error table for different horizontal road widths using Winprop
for Walfisch-Ikegami model. (transmitter height is 25m)
road ray tracing ray tracing




Table 3.13: Mean error table for different horizontal road widths using our im-
plementation for Walfisch-Ikegami model. (transmitter height is 25m)
44
General behaviour can be determined for transmitter height 5m, which is
less than the average roof height 10m. Greater road width yields more accurate
results as in Table 3.14 and 3.15. This seems contrary to the results of Section
3.2.3. It was observed in Section 3.2.3 that denser areas yield more accurate
results. But greater road width decreases the density. If we look at the figures
3.30 and 3.31, figure 3.30 seems denser but it does not give more accurate results.
Actually while increasing the road width we kept the number of buildings
constant. Therefore the study area also becomes larger. We can say that greater
road width yield more accurate results since the study area becomes larger. If
we make road width comparisons in a constant total area we should observe that
greater road width decreases the accuracy since it decreases the building density.
We made comparisons in constant total area with different road widths. But
results would not be as expected. Even if we make comparisons in a constant
area greater road width yields more accurate results. Hence we can say that the
effect of the building density cannot be determined since it shows two different
behaviors for two different situations.
road ray tracing




Table 3.14: Mean error table for different horizontal road widths using Winprop
for Walfisch-Ikegami model. (transmitter height is 5m).
road ray tracing




Table 3.15: Mean error table for different horizontal road widths using our im-
plementation for Walfisch-Ikegami model. (transmitter height is 5m)
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To sum up comparisons, we always observed that higher transmitter heights
give more similar results with ray-tracing, independent on the other parameters
such as road width and building density. And these kind of parameters do not
effect the simulation results too much for higher transmitter heights than the
average roof height. For transmitter heights less than the average roof height
such parameters are more effective. Hence we tried to observe the effect of
building density. From comparisons we decided that denser area results are more
similar with ray-tracing results for transmitter heights less than the average roof
height. But when we tried to find the effect of road width, we observed that less
denser areas may give more accurate results with respect to ray-tracing model
in some situations. Hence we cannot say something about the building density.
We can examine the situation in terms of parameters in the loss formulas such
as road width w and building separation b. When we examined the building
density in Section 3.2.3 we kept the road width constant. Increasing the density,
means decreasing the building separation. Therefore we can say that to decrease
the building separation while the road width is constant, increases the accuracy.
When we increased the road width in Section 3.2.4, both parameters, the building
separation and the road width, took greater values. As we expect the accuracy to
decrease due to larger building separation, it increased. So we can say that road
width is much more effective than building separation for transmitter heights
less than the average roof height. And greater road widths yield more accurate
results.
3.3 Case Study in Ankara
In this part we simulated a transmitter in Bahc¸elievler, Ankara. A DXF map of
the region was given. Bahc¸elievler was chosen since it is relatively flat area. Up
to now we ignored the effect of terrain. It is assumed that given urban area is flat
and buildings are above this flat plane. This might be true for specific regions
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but generally there will be irregular terrain. DXF data, we used in this part,
includes the terrain heights. Each building is represented by corner coordinates
and the height from sea level. If we have height from sea level for inner and
outer parts of the buildings, the height of building from ground level can be
derived. For this simulation we cut all elevation data from the smallest terrain
height known in the study area. By this way we included building height from
ground, plus the height from cut off level. In Figure 3.32 building and receiver
heights measured from cut off, or reference level, can be seen. In order to include
terrain effect this is reasonable but the disadvantage as follows. Receiver height
might remain below the ground level which is impossible. Calculated signal
power values would be pessimistic. We can say that received power should be
higher than the calculated value for this kind of terrain. In loss formulas just
Lrts is dependent on the receiver height. If Lrts versus receiver height is plotted
for constant orientation loss Lori, the road width w and the frequency f , Figure
3.33 occurs. Minus loss means gain. Difference in loss term between higher
and shorter receiver heights may be even 10 dB. This error cannot be neglected.
There might be two solutions. One is to change receiver height according to the
terrain height of receiver point. For instance if the difference between the ground
and the reference plane is 5m and the receiver height is 1.5m according to the
reference level, then calculations may be done with 6.5m receiver height. But
this breaks the limit of formulas in which the receiver height is in the range 1-3
m. Second solution is to change the cut off level for each receiver point, in this
way we are still in the limits of formulas.
Although terrain effect seems important it requires terrain elevation data
and more complex computations. We simulated the study area assuming it is
flat with respect to a reference level like other simulation programs. Walfisch-
Ikegami model is simulated using both Winprop and our code. Results are in
the Figures 3.34 and 3.35. It should not be forgotten that for ground level much
higher than cut off level the result may be erroneous up to 10dB. To combine
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Figure 3.32: Cut off and receiver levels
Figure 3.33: Lrts loss versus receiver height
DTED(Digital Terrain Elevation Data) and DXF data files may be thought as
future work. Tables 3.16 and 3.17 contain comparisons of Walfisch-Ikegami with
ray tracing model. For ray tracing model although four interactions option is
chosen, there were still non-computed regions. For these kind of receiver points
we did not make comparisons.
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Figure 3.34: Results of simulation of our implementation
Figure 3.35: Results of simulation using Walfisch-Ikegami model of Winprop
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ray tracing ray tracing
txh (m) 2 reflection 1 diffraction four interactions
20 11.6484 11.6455
30 12.0082 12.0088
Table 3.16: Mean error table for different transmitter heights using Winprop for
Walfisch-Ikegami model.
Walfisch-Ikegami ray tracing ray tracing
txh (m) Winprop 2 reflection 1 diffraction four interactions
20 3.6426 14.2525 14.2589
30 3.5946 14.3564 14.3573
Table 3.17: Mean error table for different transmitter heights using our code for
Walfisch-Ikegami model.
3.3.1 Time Considerations
The most important feature of the empirical models is their high computation
speed. Resolution of the simulation study is the most effective parameter for
the computation time. In Table 3.18, different computation times are seen for
resolution(meter) 5 2.5 2 1.5
computation time(second) 11 42 66 117
Table 3.18: Computation times of Walfisch-Ikegami model for different resolu-
tions
different resolutions. These are the results of our code. Study area is the same
one in the Figure 3.34. We cannot have the facility to measure computation time
of Winprop, but such an area takes half to two hour according to the resolution
and the interaction number in ray tracing algorithm.
50
3.4 Case Study in Bilkent University Main
Campus
In this section a real base station was simulated in Bilkent University Main
Campus. DXF map was used but for this time DXF data was not scaled and 3rd
coordinate data do not exist in the file. Hence we scaled the map and entered
approximate building heights. In Figures 3.36 and 3.37 ray tracing and Walfisch-
Ikegami model simulation results can be seen.
In Bilkent University we have some measurement results. These measure-
ments were made during a course in Bilkent University. Frequency channel 85,
according to reports is used by the base station in Figure 3.36 or 3.37. Mea-
surements are made at approximately 200 points for frequency channel 85. We
made comparisons for both models with these measurements. Mean error be-
tween ray-tracing and measurement results is 17.611 dB. Mean error between
Walfisch-Ikegami and measurement results is 13.481 dB.
Mean error values are great enough to discuss. There might be several reasons
for this difference. One of them is obvious; during simulation transmitter and
receiver antennas were treated as isotropic which is impossible. Actual antenna
patterns, especially for transmitter antenna, effect results too much. Second may
be the effect of terrain because Bilkent University resides on a very irregular
terrain. But actually we are not interested in magnitude of mean error. In
an approximate Bilkent University environment the results of Walfisch-Ikegami
model have less mean error than the results of ray-tracing model with respect to
the measurements.
As it can be seen from Figures 3.36 and 3.37 results of Walfisch-Ikegami model
are generally less than the results of ray-tracing model. Hence we can say that
pessimistic results are closer to the measurement results. Other loss mechanisms
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Figure 3.36: Bilkent University ray tracing results
Figure 3.37: Bilkent University Walfisch-Ikegami results
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that are not included in the simulations, like vegetation, may cause this decrease.
Since Walfisch-Ikegami model is based on measurements, it probably includes
these kind of losses indirectly. Secondly, many of the measurement points may be
line-of-sight since measurements were made in the roads and transmitter height
is high enough to see these points. So calibrated Walfisch-Ikegami model results
may be more accurate with respect to ray-tracing results for line-of-sight cases.
But generally this study may not contain very accurate results due to lack of





Simulation results are basically useful to predict the coverage area. Signal to
interference ratio can be calculated for given points for all models predicting
the received power or field strength. But for multipath propagation, impulse
response and angle of arrival can be found by only ray-tracing model. In Section
4.1 impulse response of a radio channel was found. Important information can be
derived from the impulse response. One of them is coherence bandwidth. Radio
channel may filter out some data according to its coherence bandwidth. We tried
to find coherence bandwidth using ray-tracing simulation results. In Section 4.2
transmitters were placed optimally in terms of coverage for a given area.
4.1 Radio Channel Impulse Response
The radio channel between transmitter and receiver may be thought as linear
time variant filter. System can be represented as in Figure 4.1. Due to multipath





Figure 4.1: Input and output signals for radio channel
environment multipath signals change with time and location. As mobile moves,
propagation paths from transmitter to receiver will change. Even the mobile is
stationary, propagation paths may change due to the movement of the objects
in the environment. Hence radio channel has a time varying impulse response.
If there is single line-of-sight path from transmitter to receiver, impulse response
will be again a shifted impulse in time. If the input signal is x(t) and output signal
is y(t) then we can say that y(t) = x(t)⊗h(t) where h(t) is the impulse response
of radio channel and ⊗ is the convolution operator. We know time varying nature
of impulse response. We can write the impulse response as h(t, τ). The variable τ
represents the channel multipath delay for a fixed value of t. t represents different
time axis values, may be thought as different locations passed by the mobile as it
moves. An example is illustrated in Figure 4.2. If the multipath radio channel is
assumed to be a bandlimited bandpass channel which is reasonable, then h(t, τ)
may be represented by a complex baseband impulse response hb(t, τ) with the
output and input being the complex envelope representations of the transmitted





x(t) = Re{c(t) exp(j2pifct)}
y(t) = Re{r(t) exp(j2pifct)}
h(t, τ) = Re{hb(t) exp(j2pifct)}
where c(t) is complex envelope of the input signal and r(t) is complex envelope
of the output signal.
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Since the received signal in a multipath channel consists of a series of attenu-
ated, time-delayed and phase shifted versions of original input signal, baseband




ai(t, τ) exp[j(2pifcτi(t) + φi(t, τ))]δ(τ − τi(t)) (4.1)
ai(t, τ) and τi(t) represent real amplitudes and excess delays. The term in the
exponent is the phase shift due to propagation plus phases causing by other
mechanisms. In Figure 4.2 impulse response for different time values can be
seen. For a fixed time t0 signals reach the receiver at different τ values with
different amplitudes and phases. For a fixed time t0, each impulse represents
a propagation path. Time delay τ from arrival of first impulse is called excess
delay. N in 4.1 represents the index of the maximum excess delay. For small-scale
channel modelling, power delay profile is found by taking the spatial average of
|hb(t, τ)|









Figure 4.2: Impulse responses of a channel for different times
If we ignore the movement of the objects in the environment, for a stationary
mobile, impulse response will be time invariant so the power delay profile. An






Figure 4.3: Stationary mobile and power delay profile
4.1.1 Parameters of Multipath Channel
For multipath radio channel many parameters are derived from power delay
profile. Power delay profile is the graphic of relative received power as a function
of excess time delays. Most common descriptive parameters are mean excess
delay, rms delay spread and excess delay spread. These parameters can be named
as time dispersion parameters due to excess time delays of each different path.
Mean excess delay τ¯ and rms delay spread στ are the most useful parameters for
design guidelines. First moment of the power delay profile is mean excess delay,





















We tried to find coherence bandwidth for a given path assuming time invariant
environment.
4.1.2 Coherence Bandwidth
If we think multipath radio channel as a linear time invariant filter, it will have a
bandwidth in which amplitude of the signal will strongly correlated. We can say
that if the transmitted signal has a greater bandwidth than the bandwidth of this
filter some data will be lost. So for wideband transmission, smaller coherence
bandwidth may be a problem for transmission quality.
Figure 4.4: Line path for coherence bandwidth calculations
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Coherence bandwidth cannot be found exactly in a general manner. Each
specific signal should be simulated and studied as well to determine the band-
width. But as a ball park estimation Bc ≈
1
50στ
for frequency correlation function
above 0.9 [8]. For frequency correlation function above 0.5, coherence bandwidth
becomes less strict Bc ≈
1
5στ
[4]. Now we will try to find coherence bandwidth
for a given path.
Figure 4.5: Coherence bandwidth for correlation function above 0.5
Figure 4.6: Coherence bandwidth for correlation function above 0.9
In Figure 4.4 the path for coherence bandwidth calculations can be seen. The
situation can be thought as moving mobile from beginning of the path to the
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end. But we do not take Doppler effect or other fading effect into account. We
just calculated the coherence bandwidth on the path at sample points with 10m
interval. Hence the velocity of the mobile is not important. Transmitter height
is 12m and simulation model is ray tracing since propagation paths are needed.
We used 1 reflection and 1 diffraction as maximum propagation mechanisms.
The environment is the same one we used before in order to observe the effect of
building density. Each block has square shape 30 x 30 m2, height 10m and road
width is 10m.
Change of coherence bandwidth with respect to y axis can be seen from
Figures 4.5 and 4.6. From formulas Figure 4.5 shows more relaxed coherence
bandwidth so they all have high value and cause no problem for a GSM system
which has 200 kHz bandwidth. All bandwidth values in both graphs also cause
no problem for GSM system in this example, but due to more strict formula,
in Figure 4.6 coherence bandwidth even decreased to 300 kHz. When we walk
up to through path we will get closer to the line-of-sight area. Hence coherence
bandwidth gets wider. For line-of-sight cases, since first ray is the most quick and
powerful ray, rms delay spread becomes very small and bandwidth becomes very
large. Winprop the software we used ignores the other rays than the first one as
long as the situation is line-of-sight. If we look at the power delay profiles for
different y axis values, from Figure 4.7 to Figure 4.11, most significant difference
among profiles is that; as the y axis goes up, coherence bandwidth becomes wider
and range of delays becomes smaller. Especially for y=80m at where coherence
bandwidth makes a big jump, most powerful rays are at beginning of the graph.
This is also valid for y=40m but we can see the range of delay is wider than all
others for y=40m and there are still rays carrying considerable power for 300ns
delay from the first ray. This makes the rms delay larger and bandwidth smaller.
But the early rays for y=40m makes the coherence bandwidth larger than the
other bandwidths for y=30,50,60 and 70m. Powerful and delayed rays make the
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coherence bandwidth small and therefore situation may require an equalizer in
order to increase the transmission quality.
Figure 4.7: Power delay profile at y=70m
Figure 4.8: Power delay profile at y=80m
4.2 Optimum Distribution of Transmitters in
terms of Coverage
In this section we used simulation results to distribute transmitters in a given
environment optimally. Optimization aim is to cover a given area with minimum
number of transmitters [9]. First of all given area is divided into grids at where
transmitters are placed. For instance if the area 1km x 1km and this grid interval
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Figure 4.9: Power delay profile at y=40m
Figure 4.10: Power delay profile at y=50m
Figure 4.11: Power delay profile at y=60m
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is 100m then there will be 100 transmitters in a matrix form 10 x 10. Then the
aim is to select minimum number of transmitters among these 100 transmitters
to cover the area. This grid interval is totally different from the resolution of the
simulation study. Each transmitter will be simulated in the whole area with a
constant resolution. Typical resolution values may be 2 or 5 meters, much less
than the grid interval of transmitter placement such as 100m. In Figure 4.12
both grid structures can be seen.
transmitter sitesresolution for studyof each transmitter
Figure 4.12: Grids for simulation study and transmitter placement
Algorithm can be summarized as :
Step 1. Determine transmitter site giving maximum coverage. This is the initial
total coverage. Number of transmitters is equal to one.
Step 2. If coverage limit is not satisfied increase the number of transmitters,
else exit.
Step 3. Select a transmitter outside the total coverage.
Step 4. Find all transmitter combinations additional to selected transmit-
ter. Determine transmitter sites giving maximum coverage with selected trans-
mitter.
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Step 5. Repeat Step 4 for all outside transmitters.
Step 6. Find the outside transmitter site giving maximum coverage with its
combination.




Figure 4.13: Selection of outside transmitter
In the algorithm there are two limiting parameters. One of them may be called
signal limit. This is the parameter determining whether the point is covered
by a transmitter or not. Typical value may be −90dBm. If the signal level
of a transmitter at a point is greater than the signal limit, it is said that this
point is covered. In case of the number of transmitters is greater than one,
point is controlled one by one for each transmitter. If any of the transmitters
covers the point, it is said that this point is covered. It is not important which
transmitter is the covering transmitter. This is a kind of OR operation. Another
important parameter is coverage limit, the rate of the number of covered points
to the number of study points. This is the stopping criteria of the algorithm.
If the maximum coverage of current number of transmitters exceeds the limit,
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algorithm stops, else number of transmitters is increased and maximum coverage
is found with new number. Typical value may be %90 but it depends on the
user.
We used the algorithm for the region in Ankara, Bahc¸elievler, that we used in a
case study. Transmitters are placed with 50m grid interval. Simulation resolution
for all transmitters is 2m. Power of the transmitters are 10W and they are all
isotropic. Transmitter height is 25m. There are 70 transmitter sites (7 x 10). All
transmitters were simulated using Walfisch-Ikegami model. Before optimization
algorithm is applied, all transmitters should be simulated one by one and results
of each should be written into different files. Optimization tool takes these files
as input. So the model of simulations is not a parameter for optimization tool.
Simulation of all transmitters can also be done using ray tracing algorithm. But
this is not reasonable due to long computation time.
Figure 4.14: %90 coverage for −90dBm signal limit
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In Figure 4.14 coverage limit is %90 and signal limit is −90dBm. One transmitter
is enough to cover %90 of the whole area. Also actual coverage rate can be found.
It is %94 for this case. There might be other transmitter sites giving coverage
rate above %90 but the transmitter giving maximum coverage is chosen.
In Figures 4.15 and 4.16 other examples can be seen. Required number of trans-
mitter is proportional to signal limit and coverage limit. If these two limits are
increased, required number of transmitter will also increase. While simulating
70 transmitters, the same frequency, transmitter height and transmitter power
were used. Meaning all transmitters were assumed identical. This is the dis-
advantage of the algorithm. We know that these properties may change from
site to site. Also these transmitters cannot use the same frequency since they
are close each other. But small changes in frequency cannot change simulation
results too much. Hence this is a reasonable assumption. Another important
disadvantage is the computation time. Up to three transmitters computation
time is not too long. The study in Figure 4.16 took 15 minutes. But if coverage
limit is increased to %98 for −80dBm then three transmitters are not enough to
cover the area. To find four transmitter sites took nearly 5 hours. It cannot be
known how long the computation time takes for more number of transmitters.
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Figure 4.15: %95 coverage for −90dBm signal limit




We have implemented a well-known urban area empirical model, Walfisch-
Ikegami, using building data in the environment. Assuming ray tracing model is
more accurate we decided the situations for which the results of Walfisch-Ikegami
model better approaches to the results of ray tracing model. For transmitter
heights higher than the average roof height, results of Walfisch-Ikegami model
are more similar with ray tracing, independent from other parameters. For trans-
mitter height less than the average roof height we examined the effect of the road
width and the building density. We could not say something about the building
density, but decided that greater road width gives more accurate results.
Since ray tracing algorithm requires long computation time, simulation of a
number of transmitters may take hours. Hence empirical models are reasonable
to investigate the received signal level in a quick manner. Also in a case study
we used a DXF data including height information of buildings from sea level,
which means that the data include the terrain effect. But since all calculations
are made from a reference level, it is shown that there should be errors according
to the real situation. It is proposed to use DTED, additional to the DXF data
to get more accurate results.
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Propagation simulations give important results to a cellular network designer.
We showed how impulse response result of ray tracing algorithm is used for
calculations of coherence bandwidth. There are also given other applications of
simulation results.
Actually ray tracing and other algorithms have been applied for years. Imple-
mentation of these algorithms are not very difficult in terms of electromagnetic
propagation. More difficult part is to get database and process the data ac-
curately. Another constraint is the computation time. So for more accurate
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